ABSTRACT We have evaluated the sugar pucker geometry at the intercalation site of propidium diiodide into the selfcornplementary dinucleoside monophosphate duplexes cytidylylguanosine and deoxycytidylyldeoxyguanosine as a function of the nucleotide/drug ratio in aqueous solution. Our solution results support the observation by Sobell and coworkers [Sobell, H. M., Tsai, C. C., Jain, S. C. & Gilbert, S. G. (1977) There currently exists a controversy as to the sugar pucker geometry at the intercalation site of dyes, drugs, and carcinogens into DNA (1). The sugar pucker can be represented in a generalized formalization based on the pseudorotation concept of Altona and Sundaralingam (2) in which the class of geometries including C2' exo and CT' endo are designated N type and the class of pucker geometries including C2' endo and C3' exo are designated S type. Pioneering crystallographic studies by Sobell and his collaborators on the 2:2 complexes of ethidium bromide (EtdBr) (3), 9-aminoacridine (4), acridine orange (5), and ellipticene (6) with 5-iodocytidylyl(3'-5')guanosine (iodo C-G) have demonstrated intercalation of these drugs into the partially unwound self-complementary miniature Watson-Crick duplex with mixed sugar pucker orientations N type(3'-5')S type at the intercalation site in heavily hydrated crystals. By contrast, Neidle et al. (7) have solved the x-ray structure of the 3:2 complex of proflavine with C-G and found that proflavine intercalates into the miniature duplex without unwinding and that the intercalation site is generated with the same sugar pucker, N type(3'-5')N type, coupled with changes in the backbone torsion angles about (/(C5'-05') and X(Cl'-N9) of the purine residue. This structural view has received support from the linked atom conformational calculations of Alden and Arnott (8) which describe a model for intercalation of proflavine into A-DNA.
There currently exists a controversy as to the sugar pucker geometry at the intercalation site of dyes, drugs, and carcinogens into DNA (1) . The sugar pucker can be represented in a generalized formalization based on the pseudorotation concept of Altona and Sundaralingam (2) in which the class of geometries including C2' exo and CT' endo are designated N type and the class of pucker geometries including C2' endo and C3' exo are designated S type. Pioneering crystallographic studies by Sobell and his collaborators on the 2:2 complexes of ethidium bromide (EtdBr) (3), 9-aminoacridine (4), acridine orange (5), and ellipticene (6) with 5-iodocytidylyl(3'-5')guanosine (iodo C-G) have demonstrated intercalation of these drugs into the partially unwound self-complementary miniature Watson-Crick duplex with mixed sugar pucker orientations N type(3'-5')S type at the intercalation site in heavily hydrated crystals. By contrast, Neidle et al. (7) have solved the x-ray structure of the 3:2 complex of proflavine with C-G and found that proflavine intercalates into the miniature duplex without unwinding and that the intercalation site is generated with the same sugar pucker, N type(3'-5')N type, coupled with changes in the backbone torsion angles about (/(C5'-05') and X(Cl'-N9) of the purine residue. This structural view has received support from the linked atom conformational calculations of Alden and Arnott (8) which describe a model for intercalation of proflavine into A-DNA.
Several reservations must be kept in mind prior to an extension of these crystallographic results to models for intercalation complexes of DNA. The x-ray research has been undertaken on ribodinucleoside monophosphates with no published work available for the corresponding deoxy analogs. Intercalation of acridines and phenanthridines occur by the neighbor exclusion model in solution (9) (10) (11) (12) and in the fiber state (13) in which potential adjacent binding sites are unoccupied. This criterion does not hold for any of the published studies of 2:2 (3-6) and 3:2 (7) complexes of intercalating agents and pyrimidine (3'-5')purine sequences in which the intercalated and externally stacked residues occupy adjacent binding sites. The crystalline complex of 9-aminoacridine with adenylyl(3'-5')-uridine (A-U) (14) which does not involve intercalation into a miniature Watson-Crick duplex exhibits mixed sugar pucker of N type(3'-5')S type. X-ray studies of self-complementary oligonucleotide sequences G-C and A-U have demonstrated the same sugar pucker geometry in a miniature Watson-Crick duplex (15, 16) whereas an alternating mixed sugar pucker geometry has been observed for pdA-dT-dA-dT (17) in the crystalline state.
The limitations of growing suitable crystals for x-ray analysis of intercalation complexes do not extend to solution studies where it should be possible to compare directly intercalation complexes with identical nucleic acid sequences in the ribosyl and deoxyribosyl series. The vicinal proton-proton three-bond sugar ring coupling constants in the nuclear magnetic resonance (NMR) spectra of nucleotides and dinucleoside monophosphates have been successfully related to the pucker geometry of the sugar ring. The sugar Hi' protons in ribosyl and deoxyribosyl units resonate downfield from the remaining sugar protons and the coupling constants can be readily evaluated in the wellresolved high-resolution proton NMR spectra. Sugar puckers of the N type and S type have very different coupling constants relating the proton at 1' with the proton(s) at 2' on the sugar ring. Altona and Sundaralingam (18) have demonstrated that the coupling constant J12' is -A Hz for the N type and -10 Hz for the S type whereas the coupling sum J 2' + J12" for the N type and -16 Hz for S type sugar ring pucker geometries. Somewhat smaller values of the coupling constants for the S type sugar pucker have been reported by our group (19) . Thus, measurement of the J"2' coupling for ribodinucleoside monophosphates (20) and the coupling sum J1i2' + J1'2-for deoxyribodinucleoside monophosphates (21) in the presence of intercalating agents could provide information on the sugar pucker geometries at the intercalation site of miniature RNA and DNA duplexes in solution. The resolution of the problem is straightforward except that the greater linewidths of the Hi' protons in the miniature intercalation complex coupled with the linewidth contributions from exchange phenomena could broaden the resonances sufficiently to result in loss of coupling information.
We have applied the knowledge gained from our NMR studies on intercalation complexes formed between EtdBr and propidium diiodide (PrdI2) (Fig. 1) , and the self-complementary dC-dG-dC-dG tetranucleotide duplex (22) and the synThe costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertsement" in accordance with 18 thetic DNA poly(dA-dT) (23) and have extended it to the dinucleoside monophosphate level where the HI' region of the spectrum is well resolved. The sequence specificity of these trvpanocidal agents for pvrimidine(3'-5')purine sites (24) (25) (26) 22) coupled with the greater stability of GCC compared to A-T base pairs led us to undertake NMR studies on the complexes with C-G and dC-dG self-complementary sequences. Our initial experiments were undertaken with PrdI2 for solubilitv considerations and in I M NaCl to minimize stacking of antibiotic molecules along the sugar-phosphate backbone. In light of the recent crystallographic demonstration of nonintercalative l)insding of EtdBr to tRNAPIh (27) it was important to characterize the PrI2 complex with C-G and dC-dC sequences and establish that binding does occur by an intercalative mode in (Fig. 2) and hence must be exposed to solvent in the complex. The plane of the phenvl side chain is normal to the plane of the phenanthridine ring in PrdI2 so that the ortho-phenvl protons would be in the deshielding region of adjacent base pairs in the intercalated complex and would be expected to shift (lownfield with temperature on complex formation (Fig. 2) . The complexation shifts in Table 1 and Fig.  2 as a function of temperature for the PrdI2-GG complex, Nuc/D = 4, in 0.1 M phosphate, in the absence and presence of 1 M NaCl (Fig. 3) . Because the cytidine Hi' and guanosine Hi' resonances exhibit J12' coupling constants of 4.5-5.0 Hz above 800 (Fig. 4) , the sugar pucker geometries are a mixture of N type and S type in the free C-G strands in the dissociated complex (fc -0) at high temperature. The cytidine J1"2 coupling constant decreases to -2 Hz whereas the guanosine Jh2' coupling constant increases to -6 Hz on lowering the temperature of the complex to -;0, conditions under which fc -0.55 (Fig. 3) . The coupling constant trend with decreasing temperature in the plots in Fig. 4 clearly demonstrate that J1'2' for the cytidine residue should decrease toward 0 Hz (N type sugar pucker) and Jl 2' for the guanosine residue should increase toward 8 Hz (S type sugar pucker) in the region below 100 where f, approaches unity (Fig.   3) .
The experimental results demonstrate that C-G exhibits a mixture of N type and S type sugar puckers at each nucleotide when free in solution at high temperatures but switches to an N type(3'-5')S type sugar pucker on intercalation of PrdI2 into a miniature RNA duplex at low temperature. This trend in coupling constant changes has also been verified for the Nuc/D = 8 complex in high salt solution, where the nucleic acid is in excess to ensure the intercalative mode of binding. We also monitored the Jl 2 coupling constants of C-G on gradual addition of PrdI2 in 1 M NaCl/0. 1 M phosphate, pH 6.55, in 2H20 at 500. It can be clearly demonstrated that J'2' of cytidine decreases whereas J"2' of guanosine increases with increasing PrdI2 concentration.
Parallel studies on the EtdBr-C-G complex gave results similar to those reported above for the PrdI2-C-G complex in solution.
The experimental demonstration of an N type(3'-5')S type sugar pucker geometry at the intercalation site Proc. Nati. Acad. Sci. USA 75 (1978) 4, in the absence and presence of 1 M NaCI, are in excellent agreement with the earlier observation of CS' endo(3'-5')C2' endo pucker geometries for the 2:2 EtdBr-iodo C-G complexes in the crystalline state (3 (20, 21 
